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ABSTRACT
This report is the third quarterly progress report on the development of a 100 watt, 55
percent efficiency, 2.3 GHz traveling-wave tube for space applications. During this
quarter, tubes S/N 4A, 4B, 4C and 4D were built. Performance results on tubes
S/N 3, 4B, 4C and 4D are given. These tubes further demonstrate that the basic test
vehicle for the efficiency experiments has been achieved. Power output as high as 140
watts was reached. Beam efficiency at the 100 watt level of 28 percent and overall
efficiency of greater than 35 percent has been demonstrated. Beam focusing is excel-
lent including operation under depressed collector conditions. Achievement of satura-
tion gain in excess of 30 dB at the 100 watt, high-efficiency conditions has been demon-
strated. One tube has been encapsulated. Thermal and vibration tests have been run
on the encapsulated tube. Results so far indicated that the mechanical design is sound,
free of resonances and gives very low values of spurious AM. Thermal tests indicate
that a collector redesign is necessary to provide lower collector hot spot temperatures.
The design concept of the improved collector has been worked out.
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I. INTRODUCTION
Purpose and Goals of the Project
The purpose of this program is to develop a high efficiency 100 watt.2.3 GHz traveling-
wave tube suitable for use in space. The tube has been designated the WJ-395. The
most important goal of the program, requiring an advance over present techniques, is
the achievement of high efficiency. The basic performance goals are a power output of
100 watts at an overall efficiency of 55 percent and a gain of 30 dB. Other requirements
dictate conduction cooling and the ability to perform through launch and under space envi-
ronment conditions.
At the time of the contract award, excellent results had been achieved on a study program
directed toward the design of high efficiency traveling-wave tubes at Watkins-Johnson.
This program, supported by the Evans Laboratory of the U . S . Army Electronics Command
under Contract No. DA-28-043AMC-02004(E) had been underway for some time. In the
course of the ECOM program, a helix type traveling-wave tube was built which yielded an
overall efficiency of 51 percent with 20 watts output at 1.0 GHz. This was done using a
"two helix approach" wherein a signal was amplified and extracted from a first section of
the tube and reinserted into an attenuatorless helix section at the output which could be
operated at a different voltage. The output signal of the tube is taken from the second
helix section and the ele.ctron beam is collected at a reduced potential in a depressed
collector to minimize the dissipation of the beam energy as much as possible. The electron
beams on these tubes were focused with solenoidal magnetic fields.
The present program to develop a 100 watt tube at 2.3 GHz is planned to apply the above
efficiency improvement technques to PPM focused TWT's. This program is intended to
produce actual hardware for space flights.
Purpose of Early Tubes
It was decided that the first tubes to be built would be "single helix" tubes as distinguished
from "two helix" tubes. In other words, they would be conventional traveling-wave tubes
with input and output helix sections separated by an attenuator. This would allow the basic
mechanical designs to be refined. Also, the power handling capability of the tube at the
100 watt level could be verified and the thermal design of helix and collector could be
developed. It would also allow experimentation with the magnetic field programs in a
simple magnet configuration without the added complication of special magnet cells in the
sever region between the first and second helix sections. These early tubes could also be
- 1 -
used in preliminary environmental testing to give information as to the adequacy of the
mechanical and thermal design.
II. EXPERIMENTAL PROGRAM
Tube WJ-395 S/N 3
RF Performance
Initial tests on this tube were just taking place at the end of the last quarter.
These tests have been continued. Much work has been done to determine the
magnetic field programs for uniform peak field PPM stacks. The programs
give the magnetization values of the individual cell magnets to compensate for
the alternate increase and decrease of the peak fields associated with the end
effects of a uniformly magnetized PPM assembly. The magnet design was so
chosen that the operating peak magnetic field is sufficiently far below saturation
of the magnets in order that demagnetization of the individual cells can be used
for programming as well as stabilization of the magnets.
Programs were worked out for various values of peak magnetic field and the
tube was tested over the range of peak fields from 1200 to 800 gauss. The most
significant efficiency performance occurred at the lowest magnetic fields.
Figure 1 and Figure 2 show plots of power output, saturation gain and beam
efficiency versus helix voltage for peak magnetic fields of 850 and 800 gauss
respectively. A maximum beam efficiency of 28.1 percent is achieved in the
800 guass case at 130 mA. The tube gain was so low in this latter case, that
the signal required to drive the tube to saturation exceeded the driving source
capabilities and data could not be taken beyond the maximum efficiency points
on the 800 gauss curves.
In general, both beam efficiency and overall efficiency with depressed collec-
tor improved at the lower magnetic field. This is shown in Fig. 3. It is seen
that an efficiency of almost 37 percent is achieved with a helix current between
5 and 6 mA.
The effects on the efficiency versus helix voltage curves of different values of
peak magnetic field are shown in Fig. 4 for 100 mA data. This can be under-
stood if it is realized that the equilibrium diameter of the beam increases as
the peak magnetic field is lowered. The larger beam leads to a lower space
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Fig. 1 - Plot of power output, saturation gain and beam efficiency versus helix voltage
for WJ-395 S/N 3 at a peak magnetic field of 850 gauss.
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charge parameter, QC, in the beam and thus a lower small signal synchronous
voltage occurs. At a fixed value of helix voltage, a lower value of synchronous voltage
means that the tube is operating under larger overvoltage conditions. This leads
to a larger value of beam efficiency as long as there is sufficient gain beyond
the attenuator. Gain is gradually decreasing as the magnetic field is decreas-
ing and at 800 gauss the minimum gain is reached causing the 800 gauss curve
to droop at higher helix voltage due to insufficient gain.
Table I gives a summary of the best efficiency performance data for a wide range
of magnetic field and beam current values. It also shows efficiency under depressed
collector conditions. Under the 800 gauss, 130 mA conditions, the collector could
not be depressed much below helix voltage because of a large returned current from
the collector to the helix. This is caused by the electron beam striking the edge
of the entrance tunnel into the collector which causes secondary electrons to be
released and drawn to the helix as soon as the collector is below helix potential.
At this magnetic field and current, the beam diameter has increased to the point
where it can no longer get into the collector without having the beam edge electrons
strike the metal surface.
Magnet Tests
Prior to encapsulation of S/N 3, it was decided to perform a series of tests on the
magnet stack to determine if some of the short period platinum-cobalt magnets at
the output end of the tube could be replaced with Alnico 8 magnets. In the odd
numbered cells it was noticed that the magnets had to be demagnetized to low values
of residual field in order to match the magnet program requirements. In fact, in
the last two or three cells it was difficult to demagnetize the platinum-cobalt magnets
sufficiently. The magnets in the last five odd numbered cells were fitted with ground
down Alnico 8 magnets and it was found that this worked perfectly satisfactorily.
Temperature stability tests were run on the magnet stack by placing it in an oven
for 1 hour at 125 C. Maximum permanent change of the peak field in any cell
after being returned to room temperature was 1.3 percent.
Encapsulation of Tube S/N 3
In order to encapsulate the tube, the collector must be conduction cooled. The
scheme used to accomplish conduction cooling while simultaneously electrically
isolating the collector from the capsule to allow for collector depression is shown
in Fig. 5. The forward copper bucket portion of the collector intercepts most of
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the electron beam under saturated RF power output conditions, and the back
copper end-slug of the collector intercepts most of beam when the beam is under
dc conditions. Thus, the distribution of dissipation changes as a function ofRF
drive. The forward bucket portion is cooled by being brazed to an aluminum
oxide cylinder which surrounds it and which also serves to electrically isolate
the collector bucket from the capsule. The aluminum oxide cylinder also serves
as the vacuum wall of the collector in this area. The outside surface of the cer-
amic transfers its heat to the surrounding aluminum capsule through a thin inter-
mediate layer of potting which is bonded to both the ceramic and the metal surfaces.
The end slug is cooled by transferring its heat radially outward through a boron-
nitride ceramic insulator to the aluminum capsule. The thin interfaces between
the slug and the ceramic,and the ceramic and the capsule are filled with a high
temperature potting material. The potting interfaces are so thin that there is
appreciably no heat drop across them. The boron nitride ceramic also serves
to insulate the collector slug from the capsule. Boron nitride is used because
it is easy to machine and has a thermal conductivity twice that of aluminum oxide
in the radial direction. The voids around the collector are filled with potting
material.
A photograph of the encapsulated tube ready for vibration tests is shown in Fig. 6.
Thermal Tests
The collector and body of the tube were instrumented with thermocouples before
encapsulation and temperature measurements are made under operating condi-
tions. The thermocouple leads were removed before the photograph of Fig. 6
was taken. Results of the measurements are shown in Table II. The various
thermocouple locations are shown in the table diagram. The tube was operated
over a range of conditions up to those which produced 106 watts RF power out-
put and 35 percent overall efficiency. Measurements were made under no-drive
and saturated power output conditions. In the no-drive case, no energy is
removed from the electron beam by RF interaction and this case results in a
considerably greater collector dissipation. More than one-third of the energy
dissipated in the collector under no-drive conditions is converted into RF energy
under saturated conditions which results in lower temperature operation of the
collector.
The entire collector and insulator system is potted in a silicone rubber material
which is rated for 250° C maximum temperature operation. It provides the
- 10 -
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TABLE H
Gun
HEAT RUN OF ENCAPSULATED TUBE NO. 3
Capsule
Outline
Output Connector
Collector
Region-
/ /
LHeat Sink
Thermocouple
Location
1
2
3
4
5
6
7
8
Vhelix = 3420V
Conditions
Location
Description
End of collector end slug
At junction of collector wall and ceramic insulator
Top of capsule over collector
Side of capsule next to bottom
Heat sink near capsule
Magnet in last cell (No. 69)
Magnet in cell No. 65
Magnet at attenuator
I beam = 50 to 116 mA VColl. = 2500V
I,coll.
No
RF
Drive
50 mA
70
90
100
110
115°C 107°C 60°C
145
175
200
240
42°C 41°C
RF Out (Conditions after 3 minutes)
90W 110 mA 175
(Conditions after 5 minutes)
106W 116 mA 190
132
160
180
200
150
165
80
100
110
120
75
99
50
56
60
62
50
59
45
50
—55
43
47
55 90
72 102
30
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insulation which would be needed if the tube were to operate through critical
pressure conditions.
The test results given in Table II show that under no-drive conditions, as beam
current was increased, the maximum collector temperature rose to 240° C by
the time 110 mA operation was reached. This is approximately the maximum
rated temperature of the potting material. The current was not raised over
110 mA under no-drive conditions.
Under saturated RF conditions at 106 watts output, the maximum collector tem-
perature decreased to 190 C. It is seen that one of the magnets in the stack
is operating at 100 C because of beam and RF dissipation in the output section
of the helix. The equilibrium heat sink temperature is approximately 45° C in
the case of 106 watts power output. For the maximum environmental tempera-
ture of 75 C at the heat sink which is required by the specifications, an addi-
tional 30° C should be added to all the temperatures in the Table.
The conclusion that must be drawn from this test is that the collector is not
adequately thermally designed and does not allow a sufficiently conservative
operating temperature of the potting materials to be employed. At full heat
sink temperature, it can be inferred that the maximum collector temperature
would be approximately 270 C which exceeds the temperature rating of the
potting material. Actually, it would be desirable to operate the potting at least
100 C or more below its rating because of the additional stringency placed upon
the environment due to operation under hard vacuum conditions for a period of
several years.
As results of these tests, a new collector design has been worked out based upon
a collector cooling technology developed for a 200 watt CW X-band TWT being
currently produced at Watkins-Johnson for a high reliability airborne operation.
This involved insulating the collector with a thin beryllium oxide disc. This disc
then drains heat out into the bottom surface of the capsule. The collector elec-
trode itself is totally redesigned for greatly improved temperature drops through
the metal elements and the maximum collector temperature under maximum no-
drive operating conditions will be 60 to 70° C above the heat sink temperature.
This should operate the potting materials under conservative conditions.
r 13 -
Vibration Tests
The encapsulated tube was operated under RF conditions in a vibration environ-
ment. This test was meant to be mainly an exploratory test to determine if
any resonances occurred in the tube which would show up as RF modulation on
the tube output. The tube was vibrated in three orthogonal planes at 7G peak
acceleration over the frequency range of 20 to 2000 cps while operating at 100
watts RF power output. The amplitude modulation of the RF signal was moni-
tored on a scope from the output of a crystal detector. The system was cali-
brated such that a square wave modulated carrier would give a 400 mV peak to
peak deflection on the scope. The tube was vibrated in each of the three princi-
pal planes. The maximum deflection measured was in the transverse plane
when motion was in the direction of the axis of the RF connectors (y-axis).
This maximum peak-to-peak scope deflection was 2.4 mV out of a square wave
carrier amplitude of 400 mV. This deflection was non-resonant and occurred
over wide frequency ranges. It is the level which has been observed due to the
vibration effects on the flexible connecting cables alone in other tests.
After the 7G peak vibration tests in three planes, the peak acceleration was
increased first to 14G and then to 21G peak and scanned over the same frequency
range in the y-axis. No difficulties were observed due to the vibration.
This exploratory test was conducted on the tube using soft potting encapsulation
materials. Operation seemed satisfactory but further high level tests with wide-
band random vibration must be conducted. This type of test will check for fatigue
failures and will be a better measure whether the soft potting techniques will be
ultimately satisfactory. However, before subjecting the tube to high level ran-
dom vibration tests which might be destructive, it is felt that vibration tests
which measure the incidental phase modulation of the signal passing through the
tube should be conducted.
Conclusion on Tube S/N 3
In general, this tube as presently constructed has been established as a test
vehicle for further experiments. It has been shown that it can produce up to
150 watts of RF power output. The limitation on power level is in the collector
structure and not in the RF structure. It can be encapsulated and conduction
cooled. From the vibration standpoint, the mechanical design is good. The
collector needs to be redesigned in order to lower the temperature of the col-
lector and thus the temperature of the potting compounds surrounding and
- 14 -
insulating it. The concept of this new collector design has been completed.
A reasonable efficiency for the start of the efficiency improvement program
has been achieved with an overall efficiency of 36 percent at a power output
level of 108 watts.
The present gain of the tube is low, being approximately 16 dB at the maximum
efficiency conditions. This condition occurs because the input and the output
section of the helix have the same pitch helix and phase velocity. Under the
conditions of large overvoltage, the input section of the tube is operating far
above synchronism and thus contributes little gain. The overall gain can easily
be brought up to 30 dB or greater by making this input section slightly longer
and choosing the phase velocity to correspond to small signal synchronism.
In a later section it is shown that this scheme works by the results obtained with
Tube S/N 4. However, it does confuse the assessment of the gain contribution
of the output section. At this stage of the design, it is better to get by with the
lower overall gain and have a better understanding of the output section perform-
ance.
The remaining tests that need to be made on Tube S/N 3 are spurious phase mod-
ulation tests as a function of vibration and fatigue failure tests of the tube in the
soft potting encapsulation scheme by extended time tests with high level random
vibration.
Tube WJ-395 S/N 4A
This tube was constructed and developed a vacuum leak in the body of the tube
during bakeout. The nature of the leak was such that no attempt was made to
repair it. It was deemed more expedient to abandon this tube and start over
completely new. Thus, the following tube S/N 4B represents a new tube with
no parts used from 4A.
Tube WJ-395 S/N 4B, 4C and 4D
The three versions of this tube represent the same output section of the tube used
with three different input sections., Thus the effect on overall gain and efficiency
performance due to the various input sections can be determined from the perform-
ance data. The performance results of these three tubes are lumped together in
- 15 -
one section in order to make a better comparison of their relative performance.
There are two differences between Tube 3 and Tube 4B. They both have the
same phase velocity helices in the input and output sections, but Tube 4B has
had one inch of length added to both its input and output sections. This increases
the saturation gain of the tube and makes it easier to measure the operation
beyond saturation and at helix voltages beyond maximum efficiency. The second
difference lies in the fact S/N is a rod supported helix clamped into a triangulated
barrel while S/N 4B is a rod supported helix with the rods glazed to the helix,also
clamped in a triangulated barrel. This difference was made in an attempt to eval-
uate any effect on efficiency of possible helix pitch non-uniformities which could
creep into the construction with the non-glazed helix. The glazed helix holds the
pitch uniformity to the "as wound" condition. The pitch of the glazed helix was
adjusted to account for the added dielectric loading of the glaze in order that the
phase velocity of S/N 3 is essentially the same as that of S/N 4B.
RF Performance
A comparison of power output, saturation gain and efficiency is made in Table III
for the best efficiency performance points of versions B, C and D. These data
are derived under fully depressed collector conditions and so include all effects
of fade.
If the beam efficiency at 850 gauss and 116 mA is compared between Table land
Table III, it is seen that Tube S/N 3 and S/N 4B have an efficiency difference of
only 0.3% under comparable conditions. In effect, it shows that the glazed and
unglazed helices give essentially the same efficiency performance and that the
clamped helix is perfectly satisfactory for use in the experimental tubes to
follow.
Comparing the differences between 4B, 4C and 4D, there is a slight decrease
in power output which leads to a slight decrease in efficiency. This will be dis-
cussed later. The main effect to observe is the change in saturation gain between
versions. This is due to the change in input sections. The differences are
shown below:
Tube No. Active Input Length Helix Type
4B 3.9 inches Overvoltaged
4C 1.5 Synchronous
4D 2.6 Synchronous
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An idea of the effect of the various input sections on tube performance is shown
in the power transfer curves of Fig. 7. The change from 4B to 4C represents
a change from an overvoltaged input section to a synchronous input section which
is too short. The change from 4C to 4D represents a 1.1 inch increase in the
length of the input section at the same phase velocity (synchronous condition).
It is seen that the shape of the curve in the upper 20 dB of output range remains
essentially the same. The horizontal translations represent a shift in gain. The
dip in the curve of 4D is thought to be due to saturation of the input section of
the tube. This is more clearly seen in Fig. 8 where several transfer curves
are shown for different helix voltages. The saturation effect in the input is pos-
sible because of the much higher gain per unit length due to the synchronous
operation and the lower saturation power output level because this section is not
overvoltaged at all. This explanation is not totally satisfactory, however, and
still leaves some details of the lower part of the curve to be explained. It has
been observed before on other tube types when a synchronous input and a highly
overvoltaged output are used together. This is the first time that it has been
demonstrated to be a function of the input section.
There has been a slight decrease in power output between the three versions of
the tube. This is shown in the tabulation below:
Tube No.
4B
4C
4D
Best Power
Output
50.03 dBm
49.83
49.73
Change in
Power Output
0 .2dB
0.1
Best Beam No of
Efficiency Bakeouts
25.5%
24.2
23.8
3 additional
1 additional
The data above were taken under the same conditions of 3400 volts and 116 mA
with the collector depressed only 200 volts. Thus fading due to returned cur-
rent to the helix from the collector is minimized. _.It._is.. thought ..that, additional
helix loss might have occurred on the C ,and D versions because of the additional
bakeout cycles to which the tube had been subjected. It took three bakeout cycles
with additional repajr brazes betweenbak|eouts:before5iC could be found in a leak
tight condition after bakeout. With all'these additional heating cycles, it is pos-
sible to have evaporated slight metal coatings onto the helix support rods which
in turn could slightly increase loss and decrease efficiency. An increase in
total loss of less than 1.0 dB over the total output helix section length could
have resulted in the decrease of power by 0.3 dB.
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Fig. 7 - Comparison of power transfer characteristics of WJ-395 S/N 4B, S/N 4C,
and S/N 4D at 3400 volts and 116 mA.at 2.3 GHz.
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Fig. 8 - Power output vs power input for tube S/N 4D at various helix voltages
and a beam current of 116 mA at 2. 300 GHz.
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could have resulted in the decrease of power by 0.3 dB.
Figure 9 shows broadband performance of the three versions of the tube. It is
seen that the synchronous input sections compensate for the downward gain slope
versus frequency of version 4B. A gain in excess of 30 dB has been achieved
across the desired frequency range. Figure 10 shows broadband efficiency per-
formance including depressed collector and heater on Tube S/N 4B.
Conclusions on Tubes S/N 4B, 4C and 4D
It was demonstrated that there is essentially no difference in efficiency perform-
ance between tubes with glazed and unglazed helix structures provided that the
helix pitch is adjusted to give the same phase velocity in both cases.
It was also demonstrated that the gain of the tube could be easily adjusted by
choosing the proper length of input helix designed to operate at synchronism.
Thus the 30 dB gain requirement can be easily met and it can be achieved at
a considerable savings in helix length over that required for a helix with the
same pitch in the input and output. Using a synchronous input helix also has
the further advantage of making the gain more constant versus frequency.
IE. PROGRAM FOR THE NEXT QUARTER
The following items will be included in the program of work for the next quarter.
1. Build the first two-helix tube.'
2. Build a single helix tube with tapered-helix structures.
i
3. Build the improved collector and redesign the capsule to match this
configuration.
4. Continue sine-wave vibration tests on spurious phase modulation and
random vibration modulation and fatigue tests.
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Fig. 9 - Comparison of power output, saturation gain and beam efficiency versus frequency
for Tubes S/N 4B, 4C and 4D at 3400 volts and 116 mA.
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Fig. 10 - Plot of overall efficiency with depressed collector of Tube S/N 4B versus fre-
quency for helix voltage = 3400 volts, beam current = 116 mA and collector voltage =
2480V. The power arid gain curves are the same as shown for 4B in Fig. 9.
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